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THE  LAMINAR  BOUNDARY  LAYER  ON  A  ROTATING  CYLINDER  IN  CROSSFLOW 


Prepared,  by; 
E.  Krahn 


ABSTRACT:  A  rotating  cylinder  in  a  stream  produces  a  circulation 

toif?ndSth?Hrded/S  the.ca“8e  of  the  Magnus  force.  The  problem  is 
to  ^nd  the  dependence  of  the  circulation  on  the  rotational  speed  of 

the  cylinder.  This  question  is  treated  in  the  present  report  for  a 

circular  cylinder  with  the  axis  perpendicular 
he  direction  of  the  stream  under  the  assumption  that  the  flow  in 
the  boundary  layer  is  laminar.  Two  approximate  methods  are  used  for 
the  calculation  of  the  boundary  layer.  One  is  due  to  Burgers  and  the 
other  is  an  adaptation  of  the  Polhausen  method.  In  the  case  of  onlv 
one  stagnation  line  on  the  surface  of  the  cylinder  the  boundary  layer 
is  evaluated  numerically,  the  profiles  and  the  shearing  stress  computed. 
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This  report  contains  information  concerning  the  laminar  boundary  layer 
on  a  rotating  cylinder  and  the  circulation  in  the  potential  flow  around 
the  cylinder.  It  is  a  step  in  the  calculation  of  the  Magnus  force. 
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THE  laminar  boundary  layer  ON  a  rotating  cylinder  in  crossflow 

the  axis  and  a  stationary  flo^hi^dfvel  &  ?tream  P^endicular  to 
to  be  incoarpressible  but  viscous  The  ****  fluid  is  supposed 

small  enough  to  insure  a  Re^olds  number  is  assumed 

how  does  the  circulation  in  ound*ry  layer.  The  question  is. 

of  the  rotation?  The  answer  wil^be0^1^  fl0W  on  the  speed 

s&sr-  £*  viii 

“  2“  £&£  S  STSSITSS^! to  J- M-  ~ 

cylinder  by  a  method ^hic^has^^K6  fl°W  around  a  non-rotating 
separation  of  the  flow  at  an  angle  #  He  g0t  * 

a  result  which  does  not  agree  with  the^Ler^  l  8tagnation  Point, 
calculations.  This  is  due  to  th»  *  experiments  nor  with  other 

distribution  of  the  surrounding  potential*^™  took  the  Pressure 
of  a  stream  attached  to  the  collide r  on  thJ1  k  g±Ven  in  the  case 

carried  out  the  calculation  of  thf  L  hole  8urface.  Hiemenz  fel 

using  a  velocity  distribution  of-  t*  ame  fl°Y  h?  a  different  method  by 
and  got  a  separation  at  830.  Apply LiiTthefmeth f^OW.taken  from  experiments 
tne  —  ««*«.  »»ich  °"e  get8 

ir$re  rrbuti°- 

SO  very  much  from  the  exact  result  ^  '  Which  does  not  differ 

use  this  method  in  the  SlculIiSJ'nf  LfV her*fore  of  interest  to 

cylinder,  so  much  the  more  as  it  is  ^  onndary  layer  on  the  rotating 

une  more  as  it  is  easier  to  apply  than  other  methods. 

3.  Notations. 


x>y  -  Cartesian  coordinates 

r>f  ~  polar  coordinates 

a  —  radius  of  the  cylinder 

1  —  length  of  the  cylinder 

Uo  “  velocity  of  the  surface  of  the  cylinder 

^  —  velocity  of  the  potential  flow 
at  infinity 

U  -  velocity  of  the  potential  flow  near  the 
surface  of  the  cylinder 


parallel  to^hl^rface^the^ylliSde?'  boun,lary  la*er  1”  the  direction 

v  -  velocity  component  of  the  flow  l„  the  boundary  layer  In  the 
a)  -  vortlcity 


r— direction 
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—  potential  and  stream  function  of  the  potential  flow 

v  ,v  —  velocity  components  in  the  boundary  layer  parallel  to  the 
x  y  x-  and  the  y-axis. 


7  -  angle  between  the  radius  to  the  stagnation  point  and  the  negative 
x  —  axis 

p  —  density 

u  —  viscosity 

t  —  shearing  stress 

v  —  kinematic  viscosity 

Re  —  Reynolds  *  number 

—  circulation 

5  —  thickness  of  the  boundary  layer 
n  -  distance  from  the  cylinder  in  radial  direction 
K  —  form  parameter 


X  : 


U 

u 


y  M. 
10U 

o 


o 

i  —  parameter 


P  —  power 

b.  The  stationary  potential  flow  around  the  cylinder  is  given  by 


^Oo(  ‘t  + 

a1 

X 

J  e/n  'J 

JT 

'Ik 

■1 

Y- 

/L(i  - 

a4” 
x  j 

+ 

_r 

2  n 

1**1 
J  0u 

u 

IU(I  + 

1  «'h  j 

+ 

JZ 

2  li 

J_ 

X, 

2 
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If  the  circulation  P  does  not  exceed  l+wU«,  a  then  there  are 
one  or  two  stagnation  points  on  the  circle  (stagnation  lines  on  the 
cylinder)  and  P  can  he  written  as 

r  -  4-Jr  U^a  ■ 

From  now  on,  this  expression  for  F  (which  is  a  restriction  on  the 
amount  of  circulation)  will  be  used. 

For  the  flow  near  the  surface  of  the  cylinder  one  can  take  r  ?  a 
and  has  then 


li  -  2  U*  ) 

4>  -  Z  tioo  a  (  j-  ^  'fj  ■ 


These  expressions  will  be  further  used  for  U  and  (J. 


5.  Burgers'  method  consists  in  starting  from  the  equation  of  the 
vorticity  in  a  stationary  flow 


(1) 


V 


l 

lx 


U) 


K  ^  -  v 
* 


i  vF  +  V/ 


and  substituting  for  the  velocity  components  in  the  boundary  layer 
those  of  the  potential  flow  outside  the  boundary  layer,  i.e. 


~iy_ 


v 


where  ♦  is  the  stream  function  of  the  potential  flow.  Transforming  (l) 
from  the  variables  x,y  to  the  variables  he  gets 


J  <p 


*\  l  >,  u.  , 

-  ^ 
l 


In  conformity  with  usual  boundary  layer  simplifications 
as  small  compared  with  and 

/  \  Cl)  .  ^ 

YF  “  v 

results.  A  solution  of  (2)  is 


is  dropped 


r 


o  ~ 


where  I  is  an  arbitrary  parameter. 
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As  (2)  is  a  linear  equation,  then  with  an  arbitrary  function  A(|) 


MX) 


’RTJ) 


'fjcvi <t>  -£) 


Jt 


is  also  a  solution*  (^,  is  the  value  of  (f  at  the  forward  stagnation 
point.  A 

To  get  the  velocity  component  u  in  the  boundary  layer  in  the 
direction  tangential  to  the  circle  (surface  of  the  cylinder)  is 
neglected  conqsared  with  Aii  in  ^  " 


c)<^ 


,J  -  &) 


as  v,  the  velocity  component  in  the  radial  direction,  is  aero  at  the 
surface  and  small  inside  the  boundary  layer.  Tftien 

uj  =  -  i.  lit  -  __i  l&.y 

*  d'l  ~  Z  If  U  • 

The  application  of  this  method  to  the  problem  at  hand  requires  now  the 
determination  of  the  constants  and  the  function  A(|). 

For  ♦  =  0  there  must  be  u  *  Uo  and  for  sufficiently  large  *  there 
must  be  u  =  U. 

Writing  ,, 

iri  mvI 


and  taking  into  account 

,00 


r 


“  Mp-{) 

,  4===^r-! 

o  / JC  v  j  0  -  £  )  J 


/ 


the  condition  for  A(|)  becomes 


Thus 


./<( 

A  (<t>)  -  (ZU-  il oj  “)nF 


and 


r 


(5) 


1 _ -clT  (sit 

)  y  ^ 


<170 
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Here  a  i  V  of  the  potential  flow  are  regarded  as  coordinates  in  the 
boundary  ayer,  vhere  f  is  not  the  stream  function  of  the  viscous  flow. 

U  is  regarded  as  a  function  of  (f  only.  This  corresponds  to  the 
assumption  of  a  pressure  in  the  boundary  layer,  which  depends  on  f  only 
and  not  on  r,  ' 

Velocity  profiles  can  be  easily  computed  by  (3),  but  one  should 
remember  that  (3)  is  an  approximate  expression  only,  representing  u 
correctly  at  the  surface  of  the  cylinder  and  at  the  outer  limit  of  the 
boundary  layer. 

6.  To  determine  the  circulation  about  the  cylinder  from  (3)  snail 
values  of  V  will  be  considered  and  higher  than  first  order  terms  in  V 
will  be  neglected.  'Hien 


Making  the  substitution 


r-aft) 

and  retaining  linear  terms  only  in  q 

y  =  2  Ueof|(M'V'  ■j  +4**^)  -  Uy  . 

(3)  becomes  thus 

„  -  'll  +4-  (%  ,,  y  )4E. _ U _ -  d  f  . 

The  integral  must  be  equal  to  zero  for  U  O  to  give  a  finite  value  to  u. 
That  is  the  case  at  the  forward  stagnation  point  where  (|-=  (t  . 

At  the  rear  stagnation  point  it  gives  a  condition  for  U  .  Inserting  the 
values  of  U  and  (J  o 


f  *  ~  ¥ftL)c,n'f  (fc'f +  ‘iiy'  ^ j 

'  i  0  ^  -  c<n(jr  *-/)  -  y;  ^  -f  t-o-5  y>  ^ 


<m  w.  _  n  i 


p  ^  .  r  ^  J  ji>  -  y  i ■  ^ 

:  +  ~h(JT  +  j  -J)  +-  (  Jr 


1  u °°  -j'  V  +(JT+|  -y;  ^  +-  (ir+^-f  / 

The  denominator  of  each  integral  is  zero  at  f-  n+y ,  nevertheless  the 
integrals  converge.  This  can  be  seen  if  e  is  introduced  by  the  substitution 

-  n+  y  —  e 
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and  the  integrals  calculated  from  ,t  r  -  «  to  „+  y.  They  become  then 
respectively.  This  proves  the  statement. 

case  Jhen1uifS<‘f>  ln  ev,1“nted  numerically,  except  in  the 

tZLl  verfSud  integr*tion  “  “*  «■'  rollon 


These  results  need  some  explanation. 

2  -  tf ^tL^-ti."  =;,s  ^  .irsrjE  IT 

separation  will  be  farther  from  the  forward  stagnaticS  than  In 

nearer?6  °f  ***  non"rotatin«  cylinder,  and  on  the  lowered®  it  wiU  be 

fi™™Ua«L°Lrto  t^yi^r^L^r^™:^6  oT 
«eu^d"orTdoes*n^p^^refr'f°re  «“ 

Similarly  in  case  of  y,  £  and  7,  £,  where  the  calculation  i.  valid 
on  the  upper  part  from  stagnation  point  to  stagnation  point. 

in  expect  from  these  results  that  they  are  precise  because 

surSised^f  thet??ffTny  **"“  ^  ne6lected-  One  should  not  be 

•£fa“ ^nf  tJf .^rder"seSn™rSaiL?r  “  ?T  “T*  rthsics. 

e  in  occs  T  rt  f  “  the  experimental  results  and  show  that 
.g.  in  the  case  of  _  the  circulation  in  the  boundary  layer  decreases 

from  its  value  at  the  surface  of  the  cylinder  to  about  half  its  amount 
in  the  potential  flow,  for  at  the  surface  amount 

r  -  Zjra  U B  =  7.1  Jr  a 

whereas  in  the  potential  flow 

r  -  H~  n  a  Z/po  • 

7*  T*  raliable  re8ults  a  different  method  will  be  applied. 

The  boundary  layer  equation  shall  be  taken  In  the  form 

u_  ~r—  +  ^  ^  )i  AIL  ,  u  ;>v 

(5)  W  7)i  "  w  nJtb  +  *  -f—r  * 
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Here  the  centrifugal  terra  is  omitted.  This  in  lna+ ^  f-i 

the^adi^oft^cyLnLr!16  ^  i8  Smail  COn*ared 

The  other  equation  is  the  continuity  equation 


(6) 

1  . 

*  57  ^ 

J*l  U- 

The 

boundary  conditions 

are 

(7) 

jox  x  z  &  ; 
r  =  a  +S  : 

u.=  H. 

U  z  U. 

y>--0 

—  -1 
hx  ' 1 

•3ta 


~-0. 


where  8  is  the  boundary  layer  thickness. 

Further  the  variable 

n=  r  -  a 

will  be  used. 

Eliminating  v  from  (5)  and  (6)  and  integrating  over  the  thickness  of  the 
boundary  layer  the  momentum  equation  results  thickness  of  the 


(3) 

8. 


The  solution  will  be  sought  in  the  form 

*■!  a.tK  . 


kzO 


where  the  a^  are  functions  of  y  and  t:|  . 

^‘solut^T^  <T)  the  5  function.  s  are  determined  and 

(9)  «.=  +  +  £ft-i£*+3ts-t*;KW  , 

where 

SZ  alU 

df 

?ScyaLh».bOUndSry  ^er  thlCk”Me  6  WiU  “t'a-  “  tb.  displacement 


(10) 


K- 


ic-m 


doe.  not  seem  reasonable  in  the  present  case.  It  could  be  replaced  perhaps 


d(KU.) 

dr 
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Su  £  **  ^  (9)  *•»  f  K)  0V\S, 

*1  ft  v.  jf  *  ib' »•  *  &?«-“•>  Jf  +t^t.  «*•> 

7/  i /u<m  4.  _j k  w  ilK^i  1  + 

+  —o KM^  +  5m  KM  ^  j  + 

(")  +  2  ^{-fsU'fU'U'h^U.KU.-  ffiJU-U’f*%nJU~U°')K]A 

'  iXK)1}- 

d  C  f  i  fu  I  1,  r,,  \  A^H  .KlA  } 


-^#♦7*-.  +  ^ -Tfe 


=  <rud4  -  "'fj-lU-u.)+frK*) 


f  /  r  ^  ('  n  o  ( i  h  <i  ci  v  /£ 

d 


1 


d  y  * 


K  ^ 

tb  J  cat  t&'im  i>i  (11)  ic (own 

-  M  W(W-U„)^  -  T  K  T5-  • 

/<U  v  M  f  <o  cL y 


F  U  1~(  b  ts\  tl-rf  j.  a  .iplati  cm%  U  •  F  (  u*l-td 


KU_  _  y 
foW.  ” 
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Af  tt\  d  r  v  ( >  i' o  *1  4  ^  tM  e.tj'Uo.ti'prt  (fl  j 

1  *  s  #  *  £1  «-<>♦&  (X-  0#  +%i  y  +  #kY%}+ 


4  f #  f- to(x-iJ  +  7tY-  “  (x-ijV  Jt (*-/;y  +  ^  Y  *J  - 
~ X f 7^  +  7x tk  )  +  rjf  Rx(x-/;-  j^x yj  = 


=  X  -  7 


l_  XYX-U  _  _/_ 


0  **  j>  ^  ^  h  <xsi  to  *4,9  £*K  ~it  ±~>  i  cl  4  X  ^  V*  owck  t;>iown  |unc"/ion 


y  s  ll,  jL.  2LH 

10  a.  v  1AC  J-  ^ 


dJ*..lI*  .dL.JLM  ^  *JL  f(M\\u  illil .  JU 

d  X.  lOav  c/X  U0  /Ont/Ui,  L  '  d’.f2  J  ‘  H  J 


*  dlU 

-L  J1  Jl  IL  +  JL  +  ^  ~^f£  . 

y  c/k  '  <r  ’  */x  x  ( iii)1 

1  C<lf' 

^'*3  W=  SLU^i^yf  +  Mp 

om  diy 

U.  ICf  , _ //«_.  ,  A^  u> _ 

^  clii  |  %  U  oo  I  —  xVi  *  y? 
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<  n  t 1  &  d  u  £.  t  nq  a  C  On  ">  feint  C  4  w 


HU^^cU, 

Ut,d  ilH£J  ^  HI 


AtTI 


* .  JL. 

)  '  ~ 


-4  HU 


r 


>  i 

Uo 

2U. 


X  - 


4Wi 


4x  - 


>.*>  c  1 1  i  \ 


{W 


j{  ~  2  a  _ _ 

jra-i/y,^v  -  c xor>v 


„  i!K 

f/U  .  U  ^  c  -  t'cri1  H 


7k u> 

7llj-.lL 
y  e/X 


cF  d  X 


■<  •  '•  ^  V  t'  5 


j  o..j  h- 

y'  /  ;°o  y 
7  l  c)  07  ?J 


I  _  yX  ~  2  c  - - - 

^  ty/2—  c 

I  y  y  HL  ~  k-SKz  h*i^  —  gtg<”  j/ 

X  {  \  -  (9 ■  2. 5" e ^  ) 

/  J  y 

wxiH"pp  ^  y  cL-nd  i  J\t  m  o  ik*»i  t £U?u(\ 

'■<■  f»\  i 

‘  <.'  •6  ' 

1*^  7/ 


y  c/x 


u./ * < » ■  i  c*  (i ^ .  «■  v\  in  y  . 

'  y  x 

1  +av  -£<*-')  ^Y-^(*-<>\£ 


^-sxy  *&x;x-i,  -4jx/J  + 


.  y? 

3  «>  •&<’?; 


,  7 


v  1  no  <'~';y  +i nzY  -  y,  xy  fy  xv  ■+  ^ x  /  x  ~  y 
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This  equation  is  now  multiplied  by  72.57 6  and  solved  with  respect  to  Y* 

Y '  =  {  Y(u x-LSlc )(o. 2  r 1  *0. 1?2 X y  H 3 2  7 -% 1 3 12X  a-  /./ mX+  3.3 li)+ 

(n)  +UK%-X(^-o.i^%^y)HMyzH3.3t,izxy-sszny+7.zn^7i^x1)}: 

*.  fXfX-o.  osc)(i-o.sc **] -os)(y-j.u  +n)(y+ tvt>x+2.7& )} . 

10.  X  varies  on  the  upper  side  of  the  cylinder  from  zero  at  the 
stagnation  point  to  0.5c(l-t-  sin  y)  at  and  decreases  then  to  zero 

at  the  rear  stagnation  point.  On  the  lower  side  X  decreases  from  zero 
at  the  forward  stagnation  point  to  0.5c(-  1-f- sin  7)  at^s-J:  and  increases 
again  to  zero  at  the  rear  stagnation  point.  ’ 

As  Y  is  the  product  of  a  positive  quantity  with  then  it  is  zero 
at  the  forward  stagnation  point,  assumes  pos it iveiFalues  for  increasing 
and  decreases  to  zero  at  /  =  -y-  ,then  it  is  negative  for  larger  values 
of  f  and  becomes  zero  again  at  the  rear  stagnation  point.  On  the  lower 
side  of  the  cylinder  Y  is  zero  at  the  forward  stagnation  point,  assumes 
further  negative  values  until  f  =  -  ■£■  , where  it  is  zero  again,  then  becomes 
positive  and  decreases  to  zero  at  the  rear  stagnation  point. 

Thus  the  solution  (Pig.2) 
of  the  differential  equation 
must  start  from  (0,0), 
proceed  through  positive 
values  of  X  and  Y  to 
(0.5c(l  +  sin  7 ) ,0)  and  return 
through  negative  values  of  Y 
to  (0,0).  The  solution  for 
the  lower  part  of  the 
cylinder  starts  from  (0,0), 
proceeds  through  negative 
returns  through  positive 

The  question  is  whether  for  a  given  7  there  is  a  solution  satisfying 
these  conditions  for  every  given  value  of  c  or  only  for  certain  values 
of  c  or  for  none. 

One  should  expect  a  solution  for  only  one  value  of  c  because  a 
circulation  in  the  flow  should  be  produced  uniquely  by  a  certain  spin  of 
the  cylinder. 

To  find  an  answer  to  the  question  the  singularities  of  the  differential 
equation  have  to  be  investigated. 


Fig. 2 

values  of  X  and  Y  to  (0. 5c (sin  7  -  l),0)  and 
values  of  Y  to  (0,0). 


11 


NAVORD  Report  4022 


Y*  becomes  infinite  on 
in  the  denominator  of  ( 12 ) . 


five  straight  lines 
(Fig. 3.) 


given  by  the  factors 


Suppose  0.5c(l+  sin  ?)>1.  The 
solution  starting  from  (0,0)  has 
to  cross  the  line  Y-  1.2(X  -  1) 
betveen  X  =  1  and  X=  0.5c(l+sin  y) 
and  proceed  then  to  (0.5c(lt  sin  r),0). 


n  vwS  1tne  T=  1*2(X  -  there  iB  a  singular 
0.jc{l-h  sin  y)  where  the  numerator  in  (12)  is  zero 
by  substituting  in  the  numerator  Ys  1.2(X  —  1).  p 


point  between  1  and 
This  can  be  shown 
then  becomes 


(X  -  1)  [(  -  1.93536X2  -  0.48581*+  a.4l -  1.5X0  sin  y  -  0.25c2co.2r)  + 
+  X(3.87072X  -  5.32224)(x2  -  X  c  sin  y  -  0.25c2cos27)J. 

The  expression  in  the  square  brackets  is  equal  to 


-  1.45152(1  -  c  sin  y  -  0.25  c2cos27) 

for  X-l.  The  expression  is  positive,  as  according  to  the  assumption 

1  -  0.5c  sin  7  <  0.5c 

and  the  expression  in  question  can  be  written 

-  1.4^152  [(1  _  0,5c  sin  7 )2  _  (0.5c  )2J. 

For  X=  0.5c(l+  sin  7)  the  expression  becomes 

o.25c  (14- sin  7)(2.4l92  -  0.48384X  -  1.93556X2) 
and  this  is  negative  for  X>  1. 


the  nuaM:rator  ^  (12)  is  zero  somewhere  between  X  =  1  and 

X'  8in  The  P°int>  let  us  call  it  P,  on  the  line  Y-  1  2(y  -  1  \ 

where  the  numerator  is  zero  is  a  saddle  point  (Fix*  4  \  ^  ~  1,2^X  i) 

to  too  right  of  P  abT  t£  ^  t2*lS1Si « 

the  line,  it  is  negative  to  the  left  of  p  above  the  h+o  .  , , 

below  the  line.  There  are  two  integral  curves  which  Dass  thr  LRllt 

P.  Only  one  of  them  can  possibly  be  the  solution  of  the  problem  thaw^h 
passes  thro^i  the  point  P  from  the  left  above  the  line  to  the  rigSf 

line.  This  curve  has  to  pass  through  (0,0)  to  be  a  solution.  This  is 
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generally  not  the  case.  For  7  */2 

the  computation  showed  that  it  did  not 
pass  through  (0,0)  for  values  of  c 
slightly  exceeding  one  (I. 05  and  1.1). 
That  suggests  that  there  is  no  solution 
for  7=  k/2  and  c  different  from  one.  It 
has  not  yet  been  investigated  whether 
there  exist  values  of  7  and  c  with 
0.5c(ltsin  7)  pi  for  which  an  integral 
curve  through  the  singular  point  P  reaches 
exist  then  the  conclusion  is  that 

2 

. c  ~  1  +  s  in  7 

It  may  be  mentioned  that  in  the  case  0.5c(l+-  sin  7)  >  1  there  are  two  more 
singular  points  on  the  line  Y=  1.2(X  -  l).  One  is  a  spiral  point  at  X=  1 
and  the  other  a  saddle  point  between  X-  0  and  X  = 1 . 

For  */2,  c  =  1  an  integral  curve  was  computed  numerically.  A 
saddle  point  is  in  this  case  at  (0.5,  —  0.6)  and  the  curve  passing  through 
this  point  passed  through  (0,0)  and  (l,0).  The  solution  is  shown  in  Fig. 5. 

From  the  found  solution  the  boundary  layer  profiles  were  conrouted  and 
are  shown  in  Fig.  6. 


Fig  .4- 

the  origin.  If  such  values  do  not 


In  Fig.  7  the  values  of  the  form  parameter  K  are  plotted  against  the 


angle  f  and  in  Fig.  8  the  shearing  stress  t  times  -Or'  .  against 


As 


r  = 


>7  5=0 


then  from  (9),(l0)  and  (lla)  with  Re=  follows 


vfJk _ 

Id 


Iliis  is  a  dimensionless  quantity. 
Numerical  integration  gives 


. _ 

m  <5  uc o 


-  1. 00 
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and  thus  the  shearing  stress  on  the  surface  of  the  cylinder  is 


jTlnr q  cly  =  -  q  Ra 


r 

'  £ 


and  the  power  P  necessary  to  rotate  the  cylinder  so  that  U  =  4u 


is 


P  -  4-  5  .  %  a  C  p  M  «o  /<k 


-  X 


computation  BU«3ests  that  there  exist  integral  curves  for 
0.50(3. -f-sin  r)=  1  only.  This  equation  gives  the  connection  between 
the  spin  of  the  cylinder  and  the  circulation,  but  it  will  be  valid  for 

tjf  °Vhe  7^  °nly  glVl"e  tL  -‘^nation  point, tnl 
therewith  the  region  of  attached  flow  on  the  upper  side  of  the  cylinder 

in  dependence  on  the  velocity  of  rotation  of  the  cylinder. 

What  happens  on  the  lower  side  of  the  cylinder? 

"  siSiS  sir 

point  on  the  lower  side  will  be  nearer  to  the  forward  stagnation  point 

°’  beCaU"  on  the  lo“"  the  wall  i 

a  direction  opposite  to  the  flow.  ^ 

Thus  there  will  be  a  wake  on  the  lower  side,  the  limits  of  whioh 
are  a  point  between  f.  y«d  f-_-f  and  the  rear  etagLti^point^^^. 


This  has  to  be  taken  into  account  in  solving  (12)  for  negative 
values  of  X.  The  solution  is  limited  by  the  line  Y  s  i.2(X  -  ?)  As 

long  as  |Yjcl.2|x  -  l|  a  family  of  integral 
curves  exist  which  pass  through  (0,0 )  and 
0.5c (sin  y  -  1).  But  for  larger  values  of 
|Y|  there  are  curves  starting  from  (0,0) 
which  cross  the  line  Y  =  1.2(X  -  1)  and  remain 
on  the  lower  side  of  it  (Fig.9).  These 
not  reach  the  point  0.5c (sin  y  -  1)  and 
correspond  to  a  separated  flow.  To  calculate 
such  a  flow  the  pressure  distribution  from 
the  forward  stagnation  point  to  the  point  of 
separation  must  be  known.  Of  course  one  can 
get  an  approximate  solution  taking  on  the 
lower  side  of  the  cylinder  as  well 

as  if  the  flow  was  attached. 

For  the  calculation  of  the  Magnus  force  the  pressure  in  the  wake 
must  be  known . 


do 
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